Ross River virus (RRV) is endemic to Australia and Papua New Guinea, with marsupials (especially macropods) 
T he selection pressures on a virus favor evolution toward optimal transmission (Ewald 1994 , Boots et al. 2004 ). For zoonotic viruses, which represent over half of emerging infectious diseases (Jones et al. 2008) , an expansion of host species provides such an opportunity for improved fitness. Ross River virus (RRV), geographically isolated and coevolving with its marsupial hosts in Australia and Papua New Guinea, provides an excellent example of the changing natural history of a virus presented with successive opportunities for host-species expansion: first, with the arrival of humans in Australia about 50,000 years ago; second, with the arrival of domestic animals in Australia about 200 years ago; and more recently, with the establishment of endemic transmission in the Pacific Islands in the absence of marsupial reservoirs (figure 1; Aubry et al. 2015 , 2017 , Lau et al. 2017 . Here, we review the evidence for RRV expanding its host and geographic range to potentially pose a threat as another emerging vector-borne disease with significant implications for human health far beyond its currently known endemic range.
The natural history of Ross River virus: Marsupials as main reservoirs Ross River virus (Togaviridae, Alphavirus) is an Australian arbovirus that can cause debilitating joint pain (particularly in the knees, wrists, ankles, and fingers), myalgia, rash, fever, and fatigue, usually lasting for several weeks (Harley et al. 2001) . Although the disease can be extremely debilitating, there are no known fatalities, and infection is thought to be subclinical in the majority (approximately 75%) of individuals (Harley et al. 2001) . All age groups can be infected, but prevalence of clinical infection is highest in the 25-39 age group, and infections in children are usually asymptomatic (Harley et al. 2001) . Although there is no treatment that alters the pathology of infection, symptoms are usually self-limiting and can be managed by use of analgesics and nonsteroidal anti-inflammatory drugs.
From 1993 to 2016, there were 1451-9554 clinical cases notified annually in Australia (AUDOH 2017) , with the majority occurring in the more tropical region of Queensland (Qld) during the summer months (see Kelly-Hope and Purdie 2004 for details of RRV epidemics in Australia). Figure 2 shows RRV notifications in each Australian state and territory, by month and year, and the ability of RRV to circulate endemically across the diversity of climates present in Australia (Köppen-Geiger climate map adapted from Peel et al. 2007 ). The virus is typically transmitted by generalist Aedes and Culex mosquitoes, particularly Ae. vigilax, Ae. camptorhynchus, and Cx. annulirostris, although it has been isolated from over 40 species of mosquito (Russell 2002) . It circulates enzootically in the reservoir community and is also endemic in the human population throughout much of Australia and Papua New Guinea (the native range of macropods), with seasonal epidemics determined by local climatic conditions and reservoir ecology.
It is not known when RRV first evolved or appeared in Australia, but based on what is currently known of species reservoir competence, RRV likely cycled enzootically among native Australian marsupials prior to the arrival of the first Australian Aborigines more than 50,000 years ago (Kay and Aaskov 1989 , Russell 1995 , Harley et al. 2001 . The general consensus is that macropod marsupials appear to be the dominant reservoirs, owing to their high and longest duration of viraemic titers, with a spectrum of lower individual competence among other marsupial taxa, although species abundances may also influence reservoir statuses (Koolhof and Carver 2017) .
Host expansion: The jump to humans and domestic animals Although nonmarsupial mammals (such as native rodent and bat species) would have been exposed to RRV before the arrival of Aboriginal people (approximately 50,000 years ago), these species appear less competent hosts than marsupials (Kay and Aaskov 1989 , Russell 1995 , Harley et al. 2001 . The arrival of humans and their accompanying domesticated animals (approximately 200 years ago) provided an opportunity for RRV to expand the taxonomic scope of its host-species range.
As humans encroached on the enzootic cycle, it is likely that spillover occurred. Whether spillover resulted in disease and how much the virus evolved in response to this host expansion (Boots et al. 2004 ) are unknown. Indeed, it is likely that the vast majority of spillovers was, and continues to be, dead-end events. Nevertheless, a hunter-gatherer lifestyle and close interactions with marsupial habitats would have exposed most individual Aborigines (especially in the northern and coastal regions) to the virus (Weinstein et al. 2011) ; in effect, human encroachment on animal habitat resulted in an emerging infectious disease-probably one of the earliest examples of this now-well-documented phenomenon (Wilson 1995, Woolhouse and Gowtage-Sequeria 2005) . Thus, the availability of a new (placental) mammal host (humans) in Australia provided the first step in the emergence of RRV as a public-health problem (see figure 1 ). Later, with the arrival of European domestic animals and pests, the nonmarsupial mammal host range was again expanded, with variable host competence among introduced species. Such introduced species known to be capable of amplifying RRV include brown rats (Rattus norvegicus), sheep (Ovis aries), horses (Equus ferus caballus), and pigs (Sus scrofa; Kay and Aaskov 1989) .
Evidence now exists that RRV has adapted well enough to humans that they can serve as amplifying hosts during outbreaks and have done so in the 1979-1980 outbreak in the South Pacific, as well as in the 1991-1992 outbreak in the southwest of Western Australia (Aaskov et al. 1981 , Kay and Aaskov 1989 , Lindsay et al. 1992 ).
In present day, the collective evidence of antibody seroprevalence, virus isolation, and experimental infection studies suggest that the most important reservoirs are marsupials (macropods in particular). However, introduced placental mammals (humans and domestic animals) now provide RRV with a greater diversity of potential hosts. Furthermore, humans are frequently infected in urban areas where macropods are rare, indicating that other reservoirs (e.g., livestock, possums, and rodents) are increasingly playing a role, particularly in urban transmission settings (Russell 2002) .
In recent work by Flies and others (2016) in South Australia, the variation in mosquito abundance and feeding patterns between ecoregions was studied to explain the high geographic heterogeneity in human case rates across the state. Mitochondrial DNA from bloodfed mosquitoes demonstrated that domestic livestock made up the vast majority (87%) of bloodmeals from a prominent vector, Ae. camptorhynchus, in the region of South Australia with the highest human infection rate. In addition, none of the 199 blood meal samples in that study were identified as macropod in origin. Although this is by no means conclusive evidence that livestock are acting as amplifying hosts, it does suggest that nonmacropod species can be involved in the transmission ecology of the virus, at least in times when or places where macropods are rare (figure 1).
The ability to use diverse host species can profoundly influence the ecology and epidemiology of RRV transmission (Carver et al. 2009 ). Most vector-borne diseases infect multiple host species, but expansions of host diversity make it particularly difficult to disentangle the relative importance of host species in virus transmission. Koohlhof and Carver (2017) recently modeled how host-species abundance and competence (duration and titer of viremia) influenced host importance during RRV epidemics and found that humans and possums contributed most to epidemic RRV transmission. Their findings support humans as spillover hosts and that human-mosquito and possum-mosquito transmission can predominate during epidemics. As a host and vector generalist, RRV can adapt to local hosts and vectors, making it particularly difficult to plan and develop effective public-health control strategies (Claflin and Webb 2015) and providing the virus with potential to adapt to alternative transmission ecologies and emerge in new hosts or locations.
Geographic expansion: Transmission without marsupial reservoirs
The recent evidence of enzootic and endemic RRV transmission in areas where marsupial reservoir hosts are completely absent provides a new chapter in RRV's geographic range expansion story. In 1979-1980, a large "virgin soil epidemic" occurred in the Southwest Pacific, with more than 500,000 cases reported across the region. Extremely high attack rates were reported in American Samoa, Fiji, the Cook Islands, and New Caledonia, where 44%, 90%, 69%, and 33%, respectively, of the total population were infected (Aaskov et al. 1981 , Rosen et al. 1981, Tesh et al. 1981) . Virgin soil epidemics are outbreaks in populations that have had no previous contact with the pathogen and that therefore are immunologically naïve and defenseless (Crosby 1976) . The outbreak that spread through these islands was reportedly initiated by a viremic Australian who traveled to Fiji (Aaskov et al. 1981) . Soon after the outbreak, a study documented serological evidence of infection in dogs (Canis domesticus), pigs, chickens (Gallus gallus), and rats in American Samoa (Tesh et al. 1981) . The findings were consistent with the hypothesis that placental mammals were able to act as spillover hosts during outbreaks but were not competent enough to maintain enzootic transmission. Given that marsupials were (and still are) absent from these islands, it was assumed that RRV transmission in the region ceased once the outbreak ran its course through the susceptible human population.
However, since 1980, there have been unexplained reports of RRV infections in travelers who visited the Pacific Islands, particularly Fiji. From 1997-2009, five New Zealanders and two Canadians were diagnosed with RRV infection after visiting Fiji (Klapsing et al. 2005 , Lau et al. 2012 . The suspicion of possible pockets of endemic transmission grew, and a seroprevalence study in French Polynesia revealed that 42.4% of 132 blood donors from 2011-2013 who had not traveled abroad were seropositive for RRV IgG by ELISA (Aubry et al. 2015 ); such a high seroprevalence level can only be explained by endemic transmission or a recent epidemic. Given that no recent epidemic had been recorded and that the age profile of seropositive donors was such that the 1979-1980 epidemic could not be responsible, the study provided further evidence that endemic transmission of RRV was occurring. A more extensive study in French Polynesia in 2014-2015 provided strong evidence of widespread endemic transmission . A seroprevalence study in American Samoa tested this hypothesis specifically by looking for evidence of RRV transmission in residents who were born after 1980 and who had lived their entire lives in American Samoa (Lau et al. 2017) ; the authors found that 63.0% of these individuals were positive for RRV IgG antibodies by ELISA.
Although not yet satisfying Koch's postulates, considering that no outbreaks of RRV have occurred in the Pacific Islands since 1980, the only likely conclusion is that RRV had been transmitted endemically in the absence of marsupial reservoirs. Isolation or detection of the virus from nonmarsupials or mosquitoes would provide definitive evidence that RRV has been circulating locally in French Polynesia and/or American Samoa and would confirm the risk of further increase in geographical range. However, to our knowledge, no isolations have been acquired from humans or animals from the recent Pacific Island enzootic transmission. In addition to hindering the confirmation of hosts, this lack of isolates also precludes detection of changing virulence or genetic evolution of the virus.
Emergence: Why now? These recent detections of apparent endemic transmission raise the question of "why now?" Two competing scenarios seem equally plausible: that RRV has just recently expanded its endemic geographic range or that RRV expanded its range long ago and is only now being detected.
There are three main explanations for why endemic transmission of RRV might not be detected. First, the symptoms of RRV overlap with many infectious (e.g., Chikungunya and dengue) and noninfectious diseases (e.g., rheumatoid arthritis and autoimmune disorders). Mild cases that present with nonspecific symptoms might also be misdiagnosed (e.g., as chronic fatigue syndrome or nonspecific viral illness) or undiagnosed (e.g., for many self-limiting illnesses, even in developed countries such as Australia, no specific diagnosis is confirmed). In the absence of laboratory diagnostic tests and/or absence of clinical suspicion, RRV cases can easily be misdiagnosed, especially if they were not thought to occur locally and therefore were not considered in differential diagnoses.
Second, outside of Australia, the availability of RRV serology and other laboratory tests is very limited and usually only available in reference laboratories. Laboratory facilities are limited in developing, tropical nations, like much of the Pacific Islands. For example, diagnostic capability for RRV has only recently been set up in French Polynesia and resulted in the aforementioned seroprevalence studies there and also the study in American Samoa (Aubry et al. 2015 , 2017 , Lau et al. 2017 . As far as we are aware, RRV diagnostic tests are not available in any other laboratories in the South Pacific, and evidence of endemic circulation has only become apparent as a result of opportunistic seroprevalence studies.
Finally, in areas with intense RRV transmission or where people have frequent high exposure to mosquitoes throughout their lives, it is likely that many people are infected at a young age and become immune for life. Ross River virus infections in children are usually asymptomatic, which further adds to the likelihood of unrecognized transmission. For example, in American Samoa, dengue seroprevalence of 95% shows that transmission of mosquito-borne diseases can be highly intense in some places (Duncombe et al. 2013) . Therefore, it is certainly possible that RRV expanded beyond its current known range (Australia and Papua New Guinea) decades ago but it only now being recognized.
It is also plausible that American Samoa and French Polynesia represent recent expansions of RRV endemicity beyond Australia and Papua New Guinea. If this is the case, it is likely due to the same reasons that Zika or West Nile virus have only recently expanded their ranges: opportunity. The last few decades have brought increased global travel plus a global expansion of potential vector species (especially the potential RRV vectors Ae. aegypti and Ae. albopictus; figure 3 ). Global environmental and demographic changes (e.g., population growth, urbanization, and slums in developing countries) have also contributed to the emergence and outbreaks of arboviruses. RRV may have needed several introductions to adapt to a nonmarsupial transmission ecology but may now have broken through that barrier and become endemic in areas without marsupial hosts. This strain of the virus may be most capable of expanding further.
Conclusions
Because RRV is a vector generalist and can be transmitted by numerous mosquito species, including the globally invasive vectors Ae. aegypti (Gubler 1981, Nasci and Mitchell 1994) and Ae. albopictus (Mitchell et al. 1987 ) and the widespread Pacific vector Ae. polynesiensis (Gubler 1981) , the working hypothesis has been that the limited range of macropod hosts was the critical factor constraining the virus's endemic geographic range to Australia and Papua New Guinea. However, given the apparent enzootic transmission of RRV in areas where marsupials are not present, it appears that this constraint may no longer apply. Although we cannot conclusively say when this geographic and host expansion occurred, it suggests that hypotheses about the factors limiting RRV geography are in need of revision.
We are therefore faced with the possibility of a significantly larger geographic range for endemic RRV, bringing it into the realm of a recently emerged or currently emerging infectious disease, depending on geographic location and time since arrival. Importantly, in areas with apparent endemic transmission in the absence of marsupials (i.e., French Polynesia and American Samoa), all potential reservoir hosts are either domestic or introduced species that are panglobal in distribution (pig, horse, cattle, rodents, or chiropterans); combined with the widespread global distributions of Ae. aegypti, Ae. Albopictus (figure 3; maps adapted from Kraemer et al. 2015) , and Ae. polynesiensis, current evidence suggests that RRV could potentially expand across the almost global range of these vector species (figure 3). Therefore, we argue that RRV is a mosquito-borne public-health problem that may be poised, like Chikungunya and Zika before it, to extend well beyond its current endemic range. We encourage physicians and public-health officials, particularly in tropical and developing countries where mosquito-borne diseases are most prevalent, to consider RRV in their surveillance and diagnostic efforts. 
